Background: RNA editing in plant organelles requires at least one of nine MORF proteins. Results: MORF proteins connect in specific homo-and heteromeric protein-protein interactions. Conclusion: The observed homo-and heteromeric combinations of MORF proteins explain why full editing can require two MORFs but one MORF can sustain basal editing levels. Significance: These findings will help to better understand RNA editing in plant organelles.
RNA editing in plastids and mitochondria of flowering plants requires pentatricopeptide repeat proteins (PPR proteins) for site recognition and proteins of the multiple organellar RNA editing factor (MORF) family as cofactors. Two MORF proteins, MORF5 and MORF8, are dual-targeted to plastids and mitochondria; two are targeted to plastids, and five are targeted to mitochondria. Pulldown assays from Arabidopsis thaliana tissue culture extracts with the mitochondrial MORF1 and the plastid MORF2 proteins, respectively, both identify the dualtargeted MORF8 protein, showing that these complexes can assemble in the organelles. We have now determined the scope of potential interactions between the various MORF proteins by yeast two-hybrid, in vitro pulldown, and bimolecular fluorescence complementation assays. The resulting MORF-MORF interactome identifies specific heteromeric MORF protein interactions in plastids and in mitochondria. Heteromers are observed for MORF protein combinations affecting a common site, suggesting their functional relevance. Most MORF proteins also undergo homomeric interactions. Submolecular analysis of the MORF1 protein reveals that the MORF-MORF protein connections require the C-terminal region of the central conserved MORF box. This domain has no similarity to known protein modules and may form a novel surface for protein-protein interactions.
RNA editing in flowering plants converts 400 -500 cytidines to uridines in transcripts in mitochondria and 30 -40 cytidines in plastid mRNAs (1, 2) . In some non-vascular plants, more than a thousand editing events have been documented in mitochondria, and hundreds have been documented in plastids (3) . Each editing site is recognized by a trans-acting protein that addresses a specific target sequence located several nucleotides 5Ј of the edited cytidine (4 -8) .
These site-specific proteins belong to a subgroup of the pentatricopeptide repeat (PPR) 2 protein family with similar structural compositions (9, 10) . A variable number of elements of 34 -37 amino acids connect to the RNA, each element binding to one specific nucleotide as identified by statistical analyses and crystal structures (8, (11) (12) (13) (14) (15) . The combination of several elements recognizes one or very few RNA sequence motifs that define the target sites. The ϳ200 RNA editing specificity factors in Arabidopsis thaliana are all C-terminally extended by an extension (E) domain, and roughly half contain an additional region, often with the C-terminal amino acid triplet DYW (9, 10 -12) . The enzymatic reaction deaminating a C to a U may be performed by the DYW domain either in an RNA-binding DYW-PPR protein or in an additional PPR protein containing this region (12, 16, 17) . Alternatively, a separate enzyme could be recruited to the PPR protein attached to the target editing site.
The recently identified group of multiple organellar RNA editing factor (MORF, also called RIP) proteins may provide the link between the RNA-binding PPR protein and the protein contributing the enzymatic activity (18, 19) . In addition, another protein group with at least one degenerated central MORF sequence seems involved in RNA editing (20) , and further RNA-binding proteins may also play a role (21) . The MORF proteins form a small family of nine full-length proteins encoded in the nuclear genome of A. thaliana (12, 18, 22) . In other flowering plant species, the number of MORF family genes can differ (23) . MORF proteins are required for all RNA editing events in plastids and for many, possibly also all, sites in mitochondria of A. thaliana. In plastids, the two MORFs targeted exclusively to this organelle, MORF2 and MORF9, are both required for editing at several sites (18, 22) . Other plastid sites depend on both proteins for efficient editing, either of the two MORFs providing only a low level of nucleotide conversion. In addition, the presence or absence of MORF8 (RIP1) influences editing at sites targeted by MORF2 and/or MORF9 (18, 22) . Similarly in mitochondria, MORF1 and MORF3 are required at some editing sites, whereas at other sites, only MORF8 and MORF1 together sustain full editing levels (18, 19, 22) . These observations suggest that different MORFs act in concert at some RNA editing events and that therefore MORFs are likely to contact each other. To investigate potential physical contacts between MORF proteins, we have now analyzed all possible MORF to MORF connections and report the homomer and heteromer MORF-MORF interactome.
EXPERIMENTAL PROCEDURES

MORF1 and MORF2 Pulldown Assays from A. thaliana Tissue Culture Cells and Affinity Purification-Mass Spectrometry
Detection of Interacting Proteins-Identification of proteins interacting in vivo with MORF1 and MORF2, respectively, by affinity purification-mass spectrometry analysis was done with PSB-D A. thaliana cell suspension cultures essentially as described by Van Leene et al. (24) . Open reading frames of MORF1 and MORF2 were cloned into pENTR1A (Life Technologies) and transferred into the pKCTAP vector with 35S promoter sequences in pEN-L4-2-R1 by the multisite Gateway LR reaction (Life Technologies) for constitutive expression of fusion proteins with a C-terminal tag combining the immunoglobulin G (IgG)-binding domains of protein G followed by the streptavidin-binding peptide (GS-tag). Transformation of PSB-D suspension culture cells was achieved as described (24) . Protein complexes of MORF1 and MORF2 were tandem affinity-purified by IgG Sepharose and streptavidin Sepharose (GE Healthcare, Little Chalfont, UK) from 15 g of cells. Total protein in the purified fraction was concentrated by trichloroacetic acid precipitation and subjected to SDS-PAGE on 10 or 12% gels. Gels were stained by colloidal Coomassie Blue staining (25) , and gel pieces containing proteins with various molecular masses were excised. In-gel tryptic digestion and LC-MS/MS protein identification were performed as described by Obata et al. (26) . Database search was with Mascot 2.2 (Matrix Science Ltd., London, UK) setting criteria as described (26) . The hits with probability-based Mowse scores above 50 were considered. Heat shock proteins were omitted from the analysis because they are supposed to interact with misfolded proteins caused by overexpression under the control of 35S promoter.
Plant Material and Preparation of Nucleic Acids-Growth of the A. thaliana plants and preparation of chloroplasts and DNA or RNA from leaves were as described (27, 28) . Nicotiana benthamiana plants were grown on soil at 21°C, 65% humidity, and long day illumination. Leaves were harvested after 5-6 weeks of growth.
Analysis of RNA Editing Sites-Specific cDNA fragments were generated by RT-PCR amplification following established protocols with respectively designed primers (27, 28) . The cDNA sequences were compared for C to T differences resulting from RNA editing. RNA editing levels were estimated by the relative area under the respective nucleotide peaks in the sequence analyses.
Intracellular Location Analysis of MORF Proteins-The MORF genes were cloned in the pCF203 vector fused at their C terminus to the YFP open reading frame under expression control by the 35S promoter. The mitochondrial marker RFP was cloned as an in-frame fusion to the AOX1 target signal sequence (mtRFP1). Constructs were infiltrated into N. benthamiana leaf cells as described (29 -32) . Plants were grown on soil for 2 days, and epidermal cell layers were analyzed. Chloroplasts of the transiently transfected N. benthamiana leaf cells were identified by chlorophyll autofluorescence. Mitochondria were identified by the signal from the RFP marker. The fluorescent signals and the bright field images were obtained with the respective wavelength filters with a Leica TCS SP5 confocal microscope (Leica Microsystems, Heidelberg, Germany).
Bimolecular Fluorescence Complementation (BiFC) Analysis-YFP open reading frame N-and C-terminal fragments (amino acids 1-155 and 156 -238, respectively) were fused to the individual MORF protein reading frames in the vector pMDC123 (33) , containing the multiple cloning site from pET41 (Merck Millipore, Novagen), and in the YFP/YFP-N/YFP-C cassettes, respectively. Transformation into N. benthamiana leaves and expression analysis was as detailed above. Images were adjusted for brightness and contrast to improve quality and clarity.
Yeast Two-hybrid Analysis-The coding sequences of MORFs with their native termination codons and the vectors were amplified with respective primers to add 15-nucleotide adaptors for cloning via the In-Fusion HD cloning system (Clontech Laboratories). Open reading frames were integrated into the bait (pGBKT7) and prey (pGADT7) vectors of the Matchmaker GAL4 Two-Hybrid System 3 (Clontech Laboratories) for expression in yeast cells (PJ69-4A) according to the protocol and other publications (34 -36) . Yeast cells were generally grown on medium lacking leucine and tryptophan for selective pressure to maintain the respective plasmids. To obtain clear signals and to lower the rate of false positives, biosynthesis of histidine and biosynthesis of adenine were measured together as reporters on the respective selective medium. Drop assays were done as described in the next paragraph.
MORF1 Deletion Clones for the Yeast Two-hybrid Analysis-The coding sequence of MORF1 in the pGBKT7 vector was successively shortened by PCR, and the respective fragments were cloned in pGBKT7 via In-Fusion. Growth was assayed on synthetic dropout medium lacking adenine, histidine, leucine, and tryptophan and for rigorous probing also containing 2.5 mM 3-amino-1,2,4-triazole. In each assay, 5 l of an overnight liquid culture adjusted to A 600 nm of 0.3 was dropped to the agar medium plate.
Pulldown Assays-MORF proteins were expressed as fusion proteins with maltose-binding protein (MBP) label at their N termini on the one hand and N-terminal GST and His tags and GFP labels at the C termini on the other hand. GST-His-GFPtagged proteins were purified from Escherichia coli via nickelnitrilotriacetic acid-agarose (Qiagen) followed by a purification step with glutathione agarose (Sigma). MBP-tagged MORFs were bound to an amylose resin (New England Biolabs). To test for interactions between different MORF proteins, 10 l of amylose resin saturated with one of the MORF proteins was incubated for 1 h at 4°C with 10 g of the respective other GFP-tagged MORF protein. Resins were boiled for 5 min in SDS-loading dye after five washing steps, and proteins were separated by SDS-PAGE on two gels in parallel. After blotting, proteins bound to the resin were detected by an anti-MBP antibody (New England Biolabs), and the respective pulled down GFP-labeled MORF proteins were identified with an anti-GFP antibody (Roche Applied Science).
RESULTS
In Vivo Interactions between MORF Proteins-Our previous in vitro co-immunoprecipitation and yeast two-hybrid (Y2H) analyses suggested the possible formation of homo-and heteromers of MORF proteins (18) . To analyze whether MORF-MORF interactions indeed occur in vivo, we initiated tandem affinity purification studies in A. thaliana tissue culture cells. The MORF1 and MORF2 proteins, respectively, were introduced as GS-tagged constructs into the genomes of tissue culture cells (24 -26) . These bait proteins were immobilized on beads, and the attached proteins were analyzed by tandem mass spectrometry. Both the mitochondrially located MORF1 and the plastid MORF2 proteins pulled down the dual-targeted MORF8 protein among the prominent co-purifying proteins ( Table 1 ). This finding suggests that MORF proteins can interact with each other in both plant organelles, mitochondria and plastids. To fathom the scale and specificity of MORF-MORF protein interactions, we now investigated all possible combinations, including the formation of homomers by yeast-2-hybrid assays, by pulldown assays, and by bimolecular fluorescence complementation in plant cells.
Intracellular Localization of the MORF Proteins-To be able to interpret the functional relevance of MORF protein interactions in the plant cell, we first analyzed their intracellular location with YFP fused to the respective MORF open reading frame in transiently transfected tobacco cells. Three MORF proteins had been located previously by different experimental approaches (37, 38) ; these were considered as controls to evaluate our results. The chloroplast localization of the MORF2 protein had been shown by import studies (37) , and the MORF2 and MORF9 proteins had been detected in plastid proteome analyses (38) . Our YFP fusion analyses confirm the exclusive plastid localization of both MORF2 and MORF9 proteins (Fig. 1 ).
The MORF8 protein (also termed RIP1) had been identified in a plastid protein fraction and affects RNA editing in mito-chondria and plastids (18, 19, 22) . In our analysis, MORF8 (and MORF7) did not yield a clear result. However, in the homo-and heteromer analyses, we find that the MORF8 protein is dually located and interacts with other MORF proteins in both organelles as detailed below. The MORF5 protein is similarly detected in both mitochondria and chloroplasts ( Fig. 1 ), whereas the MORF1 protein is present in mitochondria. The data for MORF3, MORF4, and MORF6 are not clear; their localizations can be inferred from the homo-and heteromer locations presented below.
The Plastid-located MORF2 and MORF9 Proteins Form Homomers-To investigate the competence of the MORF proteins to assemble homomers, we pursued three experimental approaches. Firstly, Y2H assays were performed, and secondly, reconstitution of fluorescent YFP was assayed in planta by transient transfections of tobacco leaves as BiFC. Because either method yields false negatives more often than false positives, (29, 30, 34, 35) , we used pulldown experiments as an additional third method to probe for robust interactions.
TABLE 1 Identification of MORF8 co-purified with MORF1 and MORF2
Either mitochondrial MORF1 or chloroplast-located MORF2 proteins were expressed as GS-tagged proteins in A. thaliana tissue culture cells. MORF1 and MORF2 were enriched, and the co-purifying proteins were analyzed. The dualtargeted MORF8 protein is connected to both MORF1 and MORF2. Reps, repetitions. The homomer assays of MORF2 and MORF9, respectively, document interactions in all three assay systems, Y2H, pulldown, and BiFC analyses, the latter observed in chloroplasts (Fig. 2) . The consistent results suggest that homodimers or higher order homomers can form in vivo.
Bait
Co-purified proteins
The Dual-targeted MORF5 and MORF8 Proteins Form Respective Homomers-Homomer interactions of the MORF5 protein are detected by BiFC in mitochondria and in chloro-plasts, suggesting a dual localization of this MORF in both organelles (Fig. 2) . The pulldown experiments confirm the formation of MORF5 homomers. Only in the Y2H assays is no MORF5-MORF5 interaction observed. MORF8-MORF8 interaction is detected in the Y2H assays, indicating that the MORF8 proteins can likewise form homomers (Fig. 2 ). In the BiFC experiments, homomer connections of the MORF8 protein are observed in mitochondria as well as in chloroplasts (Fig. 2) . The dual-targeted MORF8 protein shows homomer interaction signals in the Y2H assays as well as in mitochondria and chloroplasts in the BiFC experiments. In addition, the dual-targeted MORF5 protein does not activate the yeast promoter through homomer interaction, but connects in the pulldown assays and yields a reconstituted BiFC fluorescence in mitochondria and chloroplasts. Of the mitochondrial MORF proteins, MORF1 shows strong homomer interaction in the Y2H as well as in the pulldown assays and BiFC experiments. MORF3 shows homomer interactions in the pulldown and in the BiFC assays. Of the other mitochondrial MORF proteins, only MORF4 undergoes a homomer interaction in the Y2H system, which is not seen in the BiFC experiments. The MORF6 protein yields a weak YFP signal in mitochondria, and MORF7 does not show homomer formation in any assay. Results of the three assay systems are summarized on the right. n.d. ϭ not determined. Arrows point at samples for better orientation.
Homomer Formations of MORF Proteins in Mitochondria-
Of the mitochondrially located MORF proteins, MORF1 and MORF4, respectively, activate transcription of the reporter gene through homomer interactions in the Y2H interaction assays (Fig. 2 ). In the pulldown assays, MORF1 and MORF3, respectively, connect to homomers; unfortunately, MORF4 did not express sufficiently for analysis. Corresponding BiFC experiments confirm the homomer interaction of MORF1 and MORF3 in mitochondria, whereas homomer connections of MORF4 are not detected (Fig. 2 ). Homomer formation of MORF6 is indicated by BiFC signals in the mitochondria, whereas activating MORF6 homomers are not seen in the Y2H assays or in the pulldown experiments.
The MORF2 and MORF9 Proteins Connect to Respective Heteromers in Chloroplasts-The Y2H analysis of MORF2-MORF9 and MORF9-MORF2 interactions yields positive signals in both directions, with either protein attached to the activation or binding domain (Fig. 3) . The pulldown experiments likewise show interactions between these two MORFs in both directions (Fig. 4) . This connection is further confirmed in planta with both N-terminal and C-terminal split YFP constructs yielding YFP signals in chloroplasts ( Figs. 5 and 6) .
The Dual-targeted MORF8 and MORF5 Proteins Interact with Several Mitochondrial and Plastid MORFs-MORF8 can attach to most plastid and mitochondrial MORFs in the Y2H interaction assays, in the pulldown experiments as well as in the BiFC analyses ( Figs. 3-7 ). MORF8 connections are detected by Y2H assays with MORF1, MORF2, MORF3, MORF4, and MORF9 in both directions as activation domain (AD) and binding domain (BD) fusions and with MORF7 when attached to the BD. In the pulldown probings, MORF8 binds to MORF1, MORF2, MORF3, MORF5, MORF6, MORF7, and MORF9 in the MORF8-MBP direction for which sufficient MORF8 protein could be expressed. The interactions of the dual-targeted MORF8 with mitochondrial MORF1 and MORF3 and with MORF7 are seen in mitochondria, and its interactions with the plastid-located MORF2 proteins are appropriately detected in plastids in planta in the BiFC assays. Some BiFC interactions such as MORF2-MORF5 or MORF9-MORF8 do not yield interpretable signals and are therefore not considered.
The other dual-targeted protein, MORF5, shows a Y2H interaction only with mitochondrial MORF1. This connection is not seen in BiFC assays (Fig. 5 ). In the BiFC experiments, however, MORF5 connects in plastids to MORF9 and MORF8, but not MORF2 (Fig. 5A) , and in mitochondria, it connects to MORF3, MORF6, and MORF7, but not to MORF1 (Fig. 5B) . The locations of the YFP signals in the correct organellar compartments in these instances argue in favor of these being bona fide connections. The pulldown assays reveal promiscuous interactions of MORF5 with most other MORFs, including the plastid MORF2 and MORF9 and the dual-targeted MORF8. For mitochondria, interactions with MORF1 and MORF3 are confirmed ( Figs. 4, 6, and 7) .
The Mitochondrial MORF1 Protein Interacts with Most MORFs-The mitochondrially located MORF1 protein is one of the most promiscuous MORFs in the Y2H interaction assays ( Figs. 3 and 7 ). MORF1 interacts with the likewise mitochondrial MORF3, MORF4, MORF5, MORF6, and MORF8 in both directions as AD and BD fusions and in one direction with MORF7. Furthermore, interactions are seen with both plastid- located MORF2 and MORF9, which should not be relevant in planta due to their different organellar locations. In the BiFC assays, these two interactions are indeed not detected. The pulldown approaches show the MORF1 connections with MORF3, MORF5, MORF6, and MORF8, but do not detect MORF7. Plastid-located MORF2 is pulled down, but not MORF9 (Fig. 4) . The BiFC assays confirm the MORF1-MORF3, MORF1-MORF4, MORF1-MORF6, and MORF1-MORF8 connections ( Figs. 5 and 7) .
Other Mitochondrial MORFs Form Selective Heteromers-In the Y2H assays, MORF3-MORF4 interactions are seen in one orientation ( Figs. 3 and 7) . The BiFC MORF3-MORF4 interaction is detected in mitochondria, suggesting that this is a genuine connection ( Fig. 5 and data not shown) . The BiFC assays of MORF3 with MORF5 and MORF8 yield signals in the mitochondria (Fig. 5B ). For MORF3 with MORF6 or MORF7, no reconstituted YFP is detected, which may be partially due to intracellular mislocation seen in stressed or aging leaf cells (29 -31) . In the Y2H assays, the MORF3-MORF8 heteromer is seen as weak interactions in both orientations of the AD and BD domains. Pulldown experiments with MORF3 detect all of the interactions above, suggesting that MORF3 can promiscuously bind each of the other MORF proteins present in mitochondria.
MORF4 interacts in the Y2H system with MORF1, MORF3, and MORF8, and these connections to MORF1 are supported by the BiFC assays. For MORF4-MORF5, weak Y2H interaction is seen in one orientation, and BiFC YFP signals are not detected (Figs. 3, 5, and 7) .
In the Y2H tests, MORF6 shows strong interaction with MORF1 in both directions, and in the BiFC assays, it shows strong interaction with MORF1 in mitochondria. The pulldown assays confirm the connection with MORF1. In addition, in the pulldown probings, MORF6-MORF3 and MORF6-MORF8 heteromers are detected, along with the MORF6 interaction with the plastid MORF2. MORF6 heteromers with MORF5, MORF7, and MORF8 are observed in the BiFC assays in mitochondria (Fig. 5B) .
In Y2H assays, MORF7 connects with mitochondrial MORF1 in one orientation, whereas this is not seen in the BiFC or the pulldown assays. In the BiFC tests, MORF7 associates with MORF5 correctly localized in mitochondria; this connection is also detected in the pulldown assays, but not in Y2H assays. The MORF7-MORF8 combination is seen in one Y2H orientation, in the pulldown assays and it is seen as a YFP signal in mitochondria. MORF7 also interacts with MORF3 in the pulldown assays ( Figs. 4 and 7) .
MORF1-MORF Protein Interactions Require the C Terminus of the MORF Box-To investigate which parts of the MORF proteins are involved in homomer assembly and in heteromeric contacts with other MORF proteins, we selected the mitochondrial MORF1 protein, which readily forms homomers and interacts with several other MORF proteins. To probe heteromeric interactions with respective deletion clones of MORF1, we chose mitochondrial MORF3, which interacts with MORF1 in all assay systems, and the dual-targeted MORF8, which likewise interacts consistently with MORF1. For the Y2H assays, successively deleted fragments of MORF1 were fused to the BD, and full-length MORF1, MORF3, and MORF8, respectively, were fused with the AD (Fig. 8A) .
Homomers of the MORF1 protein formed with truncated proteins containing the C-terminal region of the central conserved MORF box. Decreasing intensity of the interaction is observed upon shortening of the C-terminal fragments, whereas no interaction is seen with the N-terminal region. This suggests that the C terminus of the MORF box (and/or a few amino acids farther downstream) is involved in forming the homomer. The heteromer connection between the MORF1 and MORF3 proteins requires a larger part of the central MORF box; the shorter C-terminal fragments sufficient for MORF1-MORF1 affinity are not able to support detectable MORF1-MORF3 heteromers (Fig. 8A) . The MORF8 protein also connects with the MORF1 conserved region. No decrease in the heteromeric MORF8-MORF1 interaction is seen with the progressively shorter fragments of MORF1, suggesting that MORF8 possibly connects with any part of the MORF box.
Analysis of the mutant protein encoded by the EMS (ethylmethanesulfonate) mutant allele morf1-1 for its ability to sustain MORF-MORF interaction yielded affinities that appear stronger than those observed with the wild type MORF1 protein in Y2H assays (Fig. 8B) . In the mutant, a single amino acid exchange at position 165 in the C-terminal region of the MORF box reduces RNA editing at more than 50 sites in mitochondria (18) . This amino acid position is present in deletion clones MORF1-C1 and MORF1-C2, which form strong homomers, and is absent in MORF1-C3, MORF1-N1, and MORF1-N2 clones, which sustain only weak if any homomer interaction (Fig. 8 ).
DISCUSSION
MORF Proteins Interact in Vivo-The affinity purification assays in A. thaliana tissue culture cells now confirm in vivo the initial observations of interactions between MORF proteins in mitochondria and plastids by yeast two-hybrid assays (18) . The mitochondrial MORF1 as well as the plastid MORF2 proteins co-purify the dual-targeted MORF8 protein. Firstly, this connection shows that these pairs of MORF proteins, MORF1-MORF8 and MORF2-MORF8, can form in vivo. Secondly, these pairs serve as positive controls in the evaluation of the MORF-MORF protein interactions we investigate here in all possible combinations, including the contacts in homomers, by yeast two-hybrid assays, by pulldown experiments, and by bimolecular fluorescence complementation. Both MORF1-MORF8 and MORF2-MORF8 are detected by all three meth- ods, suggesting that the combination of these three procedures will detect a bona fide interaction with one, two, or all three systems.
For evaluation and discussion, it is important to note that the yeast two-hybrid system is more prone to not detect a bona fide interaction, i.e. to record false negatives, than to show an interac-FIGURE 6. The plastid-located MORF2 and MORF9 proteins form homoand heteromers and also interact with the dual-targeted MORF5 and MORF8 proteins. The comparative summary of the results from the three assay systems, the Y2H experiments (Fig. 3) , the pulldown assays (PD; Fig. 4 ), and the BiFC complementations ( Fig. 5) , shows that the plastid-located MORF proteins connect to homo-and heteromers. Orientations of the respective assays are indicated with letters, positive signals are represented by a plus sign and shaded, and a minus sign indicates that no signal is seen. All interactions are detected in at least two of the three assays, and only MORF2-MORF5 and MORF8-MORF9 are seen in only one assay system. n.d. ϭ not determined due to problems encountered with expression of the respective recombinant proteins. FIGURE 7. The interaction network between the mitochondrial MORF proteins. Interactions between the mitochondrially located MORF proteins 1, 3, 4, 6, and 7 and the dual-targeted MORF5 and MORF8 proteins were probed in Y2H (Fig. 3 ), pulldown (PD; Fig. 4 ), and BiFC analyses (Fig. 5 ). The mitochondrial MORF1 protein and the dual-targeted MORF8 protein contact all other MORFs in at least two of the three assay systems. MORF3, which is (like MORF1 and MORF8) involved in numerous RNA editing events, also contacts most other MORFs and forms heterodimers with MORF1, MORF4, MORF5, and MORF8 and in the pulldown assays, also with MORF6 and MORF7. The proteins involved in fewer editing events, MORF4, MORF6, and MORF7, form selected heterodimers mostly with MORF1 and a few other MORFs. n.d. ϭ not determined due to problems encountered with expression of the respective recombinant proteins. tion artifact as various interactome analyses have documented (34, 35) . Analogously, the BiFC assays are also more prone to false negatives than false positives (29 -31) . In addition, indirect interaction or requirement of a cofactor present in vivo in the plant but not in vitro or in the yeast cells may support an interaction only in BiFC. Also, interactions are often observed in only some combinations, which is why we probed various combinations of reporter domains and genes queried (39) and in addition employed as a third method pulldown experiments.
Plastid-located MORF Proteins Form Homo-and Heteromers-Two proteins of the MORF family, MORF2 and MORF9, are located in the plastid organelle, and two proteins, MORF5 and MORF8, are dual-targeted to plastids and mitochondria (Fig.  1 ). MORF2 and MORF9 form homomers in Y2H, in pulldown experiments, and in BiFC assays (Figs. 2 and 6 ). MORF8 readily connects with other MORF8 molecules in all assays, and MORF5 homomers are seen by pulldown experiments and in the BiFC assays in mitochondria.
The two dedicated chloroplast MORFs, MORF2 and MORF9, strongly interact with each other in heteromers in all assays, confirming the previous initial Y2H analysis (18) . In all probings, MORF2 also interacts with the MORF8 protein, while MORF9 binds MORF8 in pulldown experiments and in both Y2H orientations (Fig. 6 ). The physical connection between MORF2 and MORF9 is likely to be a functional heteromer because both are required for common RNA editing events in the plastid (18, 22) . MORF2 and MORF9 also connect with the MORF8 (RIP1) protein, for which 14 plastid RNA editing target sites have been identified in mutant analyses (18, 22) . Editing at 11 of these 14 sites is also severely reduced in MORF2 and MORF9 mutants, and editing at three of these sites is increased in a rip1 (morf8) mutant and is detectably affected in MORF2 and MORF9 mutants, suggesting that at least two if not all three MORFs are required to act in concert for optimal RNA editing at these sites.
In conclusion, all MORFs present in the plastid interact with each other and also form homomers (Figs. 2 and 6 ). This finding suggests that several distinct "editosomes" assemble in plastids with at least two (different or identical) MORF proteins for efficient editing.
The Similar MORF5 and MORF6 Proteins Undergo Selective Interactions-The MORF5 and MORF6 proteins assemble homomers in the BiFC assays, and MORF5 homomers are also FIGURE 8 . The C-terminal part of the MORF box domain mediates MORF-MORF interactions. A, yeast two-hybrid interaction assays with progressive truncations of the MORF1 protein reveal that the C-terminal part of the conserved central MORF box is required for the homomer MORF1-MORF1 protein interaction. In the morf1-1 mutant, a single amino acid alteration at position 165 severely compromises RNA editing at many mitochondrial sites (18) . The C-terminal regions in deletion clones MORF1-C1 and MORF1-C2 contain this amino acid, whereas it is not present in clones MORF1-C3, MORF1-N1, and MORF1-N2. Fragments MORF1-C1 and MORF1-C2 show strong homomer interactions, indicated by ϩ, whereas MORF1-C3 interacts less intensively, indicated by (ϩ). MORF1-N1 and MORF1-N2 with MORF1 show weaker growth, but emerging cells are tinted red due to the lack of adenine, indicating the absence of interaction. In the heteromer assays with MORF3, the large C-terminal fragment of the MORF box contained in clone MORF1-C1 is necessary for interaction. The MORF8 protein displays a general, albeit weaker affinity to all fragments of MORF1. Respective fragments of MORF1 were fused to the BD of the GAL4 transcriptional reporter; small numbers indicate the border amino acid positions. Full-length MORF1, MORF3, and MORF8, respectively, were fused with the AD. B, interactions of the morf1-1 mutant with itself, MORF1, MORF3, and MORF8 are compared with the respective interactions of the wild type MORF1 in Y2H assays. The left panel shows drop assays on SD medium lacking adenine and the amino acids Trp-Leu-His. The right panel displays these combinations probed on medium containing in addition 3-amino-1,2,4-triazole for more stringent selection. Fused to the AD, the MORF1-1 mutant protein appears to connect similarly if not stronger than MORF1 to MORF3 and MORF8, but fused to the BD, the mutant MORF1-1 binds less tightly than the wild type MORF1 protein to MORF3 and MORF8, suggesting that the mutated amino acid position 165 in the C-terminal region of the conserved MORF box has an influence on heterologous MORF-MORF interactions.
detected in the pulldown experiments ( Figs. 2 and 4 ). Here we find MORF5 to be dual-targeted to plastids and mitochondria, whereas a recent analysis found only two mitochondrial sites to be influenced in a mutant (22) , the mitochondrial location also being confirmed by proteomic data. We analyzed all plastid sites in the same mutant and, similar to Bentolila et al. (22) , did not see any consistent influence of the MORF5 (RIP5) absence. Bentolila et al. (22) had also generated silenced plants that likewise did not show any defects in plastid editing. On the other hand, MORF5 can assemble in BiFC assays in heteromer formations with the plastid MORF9 and with the dual-targeted MORF8 in plastids. Furthermore, MORF5 binds to both plastid MORF2 and MORF9 proteins in the pulldown assays, which together suggests a functional connection most likely for RNA editing. In mitochondria, MORF5 interacts with MORF1 in the Y2H probings and with MORF6, MORF7, and MORF8 in one BiFC orientation (Fig. 7) . The pulldown experiments detect MORF5 connections with MORF1, MORF3, and MORF8, either or all of these connections being possibly involved in editing at the two target sites identified for MORF5 (22) . MORF5 connects weakly to MORF4 in Y2H assays. MORF6 interacts in all assays with MORF1, and in the pulldown experiments, it also interacts with MORF3 and MORF8 in one direction. For MORF6, one target site had been previously identified in mitochondria (18) , whereas no significant effect was seen in the cDNA sequence analysis of the same mutant (22) .
The issue of the function of MORF5 and MORF6 may be complicated by their high similarity. A recent evolutionary analysis revealed MORF5 and MORF6 homologs only in Arabidopsis relatives, whereas proteins similar to MORF1, MORF2, MORF3, MORF8, and MORF9 are encoded in all flowering plant species analyzed (23) . In the sequence alignment, MORF5 and MORF6 branch from the plastid-located MORF2 proteins. The similarity between the MORF5 and MORF6 proteins is reflected by their analogous behavior; both form homomers and MORF5-MORF6 heteromers in the BiFC (but not the Y2H or pulldown assays), whereas strong connections to MORF1 are seen in the Y2H and pulldown assays, and between MORF1 and MORF6 also in the BiFC assays. MORF5 and MORF6 both connect to MORF3 and MORF8 in the pulldown experiments. These observations suggest that MORF5 and MORF6 can potentially substitute for each other in RNA editing in mitochondria and in other, unrelated functions.
The Dual-targeted MORF8 Protein Connects to Mitochondrial and Plastid MORFs-Consistent with its intracellular location in mitochondria and plastids, the MORF8 protein (also called RIP1 (19, 22) ) interacts with MORFs in both organelles ( Figs. 6 and 7) . In mitochondria, connections are seen with MORF1 and MORF4, and rather weak Y2H assemblies are seen with MORF3 and MORF7. Apart from the MORF8-MORF4 combination, these interactions are also seen in the BiFC analysis and in the pulldown experiments, which in addition establish connections to MORF6 and MORF7. In plastids, strong interactions with MORF8 are observed with MORF2 and MORF9, and these results are confirmed in the pulldown experiments. The dual-targeted MORF5 and MORF8 proteins interact in both organelles in BiFC assays and in the pulldowns.
In both Y2H and BiFC probings, MORF8 proteins form homomers.
The interactions of MORF8 with most other MORF proteins reflect the large number of editing sites in which MORF8 is involved in both mitochondria and plastids. The recent extensive RNA editing study of MORF8 (RIP1) mutants found that more than 50% of the ϳ500 mitochondrial editing sites and 22% of the 36 plastid sites were affected (22) .
In Mitochondria, MORF1 Forms Homomers and Interacts with All Other MORF Proteins-The interactions of MORF1 in homomers and with all other MORFs in mitochondria suggest that the MORF1 protein projects a sticky surface connecting to MORF proteins. The promiscuous interactions of MORF1 reflect the important role MORF1 (RIP8) plays in RNA editing at a large number of editing sites (18, 22) .
Mitochondrial MORF3 and MORF4 Proteins Show Selective Interactions-The MORF3 protein interacts with all other MORFs similarly to the MORF1 protein at least in the pulldown assays. The MORF4 protein shows fewer interactions with other MORF proteins than MORF1, MORF3, or MORF8, but is still integrated in the mitochondrial MORF network. Homomers are detected for MORF4 as well as for MORF3. Both MORF3 and MORF4 can interact with one another, and both form heteromers with the MORF1 and MORF8 proteins (Fig.  7) . The different heteromer connections made by MORF3 and MORF4 reflect the very different number of editing sites affected in respective mutants. MORF4 is involved in 6 -19 sites, whereas MORF3 is required for more than 100 RNA editing sites in mitochondria (22) . None of the MORF4 RNA editing targets overlap with those of other MORF proteins, and the MORF4 protein may act in a homomer configuration. MORF3 is, like MORF1 and MORF8 (RIP1), a major RNA editing cofactor, and almost 90% of the MORF3 target sites are also addressed by either or both of these other mitochondrial MORF proteins.
The Conserved MORF Box Mediates the MORF-MORF Protein Interactions-The involvement of the MORF box in homomer and heteromer MORF protein-protein interactions ( Fig. 8 ) now explains the functional constraint on this region in evolution. The functional importance of the MORF-MORF interaction mediated by the MORF box is supported by the location of the morf1-1 mutant, with a single amino acid exchange at position 165 in the C-terminal region of the MORF box (18) . This amino acid position is present in deletion clones C1 and C2, which form strong homomers, and is absent in C3, N1, and N2 clones, which sustain only weak if any homomer interaction (Fig. 8 ). However, in the direct interaction assays, there is little difference between this mutant and the wild type protein (Fig. 8B) ; the mutant actually seems to interact better with all MORFs. This observation suggests that the effect of the mutation is not simply a loss of MORF-MORF interactions, but something more complex. If it indeed binds better to other MORFs, it may less readily dissociate for further editing events and thus slow down the processivity of editing. In any case, this different quality of interactions of the morf1-1 mutant with a single amino acid alteration relative to the wild type MORF1 protein confirms that the C-terminal region of the conserved MORF box mediates MORF-MORF interactions.
Interestingly, the MORF1-MORF1 homomer formation requires a smaller protein-protein interface than the heteromer interactions between the MORF1 and MORF3 proteins. The observation that the surface of MORF8 can nonspecifically contact MORF1 fragments reflects the promiscuous interactions of MORF8 with many other MORFs. This property of MORF8 is possibly connected to the large number of sites it affects, many of which are also targets of other MORFs, MORF1 and MORF3 in mitochondria and MORF2 and MORF9 in plastids.
The recently identified ORRM proteins contain only the N-terminal region of the conserved MORF box (20) . The loss of the C-terminal part suggests that these proteins cannot undergo the homo-or heteromer connections observed here with the MORF1 protein. The N-terminal MORF box fragment is duplicated in the ORRM proteins, but is not required to complement the RNA editing defects seen in an ORRM mutant (20) .
Hetero-and Homomers of MORF Proteins Form Functional Units for RNA Editing in Plant Organelles-In mitochondria as well as in plastids, a given editing site requires the presence of different MORFs. This conclusion is based on two observations. Firstly, knock-out or knockdown mutants of two or three different MORF proteins can be compromised in editing at the same site, and secondly, a given site is often only reduced in a knock-out of one MORF protein (18, 22) . The overlapping requirements for different MORFs suggest that these may act synergistically.
Our results reported here show that MORF proteins interact and connect in a complex network. The frequent homomer formations suggest that these may be functional in RNA editing. The homomers may be able to sustain a reduced level of editing at a given target site by working less efficiently than the heteromers, e.g. in mutants of one MORF protein where another MORF can perform, but cannot substitute as efficiently as the heteromer. It will now be interesting to determine the scale and specificity of the interactions between the various MORF, PPR, and other proteins (40) in plant organellar RNA editing.
